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INTRODUCTORY

Fungi, especially the filamentous types, have become definitely established
as the most important group of organisms that is capable of producing antibac-
terial substances under proper conditions of culture. No less significant,
even if less well known, is the fact that many microorganisms, including fungi
on the one hand, and bacteria and actinomycetes on the other, are capable of
producing agents which possess antifungal properties. Some of the antibiotic
substances which are active against bacteria are also characterized by fungistatic
and fungicidal activities; others, however, may be active upon bacteria but not
upon fungi.

These facts have long been known to the plant pathologists, who were im-
pressed by the ability of fungi to live in close association with other microor-
ganisms in natural substrates, especially in the soil. Many of the organisms
antagonistic to fungi were known to have a specific capacity of inhibiting the
growth of various plant-pathogenic fungi and even of causing their destruction.
This effect is selective and varies for different fungi, some being affected greatly
and others slightly or not at all. The practical utilization of this phenomenon
for the control of plant diseases has, therefore, been suggested (Chudiakov,
1935; Novogrudsky, 1936) and has actually been utilized on a limited scale.
However, the ability of antagonistic microorganisms to attack fungi causing
animal diseases (Chambers and Weidman, 1928) and the utilization of the anti-
biotic substances produced by these organisms for the purpose of combating
such pathogens have received only cursory consideration (Waksman, 1945).
The favorable effects that resulted from the practical utilization of certain

antibiotic substances, such as tyrothricin, penicillin, and streptomycin, for the
control of various human and animal diseases caused by bacteria suggested the
possibility that some of these agents may also be utilized for the control of
human and animal diseases caused by fungi.
No attempt will be made to review here the very extensive literature on the

antagonistic effects of various microorganisms upon fungi (Waksman, 1941).
Studies of these reactions have resulted in the isolation of crystalline gliotoxin
(Weindling, 1934) and in the demonstration that various bacteria produce
antifungal agents (Chudiakov, 1935; Cordon and Haenseler, 1939).
The effect of antibiotic substances upon fungi resulted in a modification of the

morphology of the organisms, a change in some physiological mechanism such
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as pigment production or growth, or in a complete destruction of the organism.
Fungi treated with certain yeasts, for example, produced thick gnarled mycelia,
without any conidia or pigment (Cook et al., 1941). The mechanism of disinte-
gration of the hyphae of the plant-pathogenic fungus Rhizoctonia by the antago-
nistic fungus Triclhoderma, as well as by its specific agent gliotoxin, was studied
in detail by Weindling (1934). The hyphae of the Rhizoctonia were killed in
less than 10 hours, as was shown by a loss of the homogeneous appearance of
the protoplasm and the vacuolate structure of the hyphae.

Stokes et al. (1942) reported that the antibacterial agents, pyocyanine, hem-
ipyocyanine, and tyrothricin, also possess marked fungistatic properties. The
fungi affected included the pathogenic forms Achorion schoenleinii, Trichophyton
gypseum, Microsporum gypseum, and Candida albicans, the first of these being
the most sensitive, and the last the most resistant. Tyrothricin inhibited the
growth of all four fungi in dilutions of 1:5,000 to 1:20,000. Pyocyanine was
the least active of the three compounds, and hemipyocyanine the most active.
Among the other antibiotic agents found to inhibit the growth of fungi, it is
sufficient to mention actinomycin and clavacin. The ability of actinomycin
to affect the growth of Ceratostomella ulmi could be partly inhibited or neutralized
by the addition of pyridoxine, thus pointing to the possible mechanism of the
fungistatic action of actinomycin (Waksman and Bugie, 1943). The marked
fungistatic properties of clavacin have also been indicated (Waksman, Horning,
and Spencer, 1942, 1943).

In a study of the antifungal properties of streptothricin and streptomycin,
two closely related antibiotic substances produced by actinomycetes, Robinson,
Smith, and Graessle (1944) demonstrated that whereas streptothricin has con-
siderable activity against both pathogenic and saprophytic fungi, streptomycin
has very little effect against these organisms.
A comparison has been made (Geiger and Conn, 1945) of the bacteriostatic

and fungistatic properties of certain antibiotic substances, notably penicillic
acid and clavacin, that possess chemical properties similar to ketones. The
first of these had only slight antifungal activity, but the second was very active.
Certain synthetic unsaturated ketones were found to have even greater antifungal
properties than clavacin.

EXPERIMENTAL

Different fungi are known to vary greatly in their sensitivity to the same
antibiotic substance; it has also been established that there is a marked variation
in the activity of different substances upon the same organism. The purpose
of this investigation was to compare the action of various antibiotic substances
upon several fungi, in order to justify certain broad generalizations. In an
attempt to evaluate an antibiotic substance from the point of view of its possible
use as a chemotherapeutic agent, special consideration is also given to the toxicity
of the substance to animals. A more toxic substance, even if it is characterized
by greater antifungal activities, may offer less promise as a chemotherapeutic
agent than another substance which is less toxic and also less active.
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Mect11ods. Twl'o methods were used for the e-aluation of the fungistatic effect
anid the antifuingal spectium of an antibiotic substance: (1) the agar streak
or agar dilution method, and (2) the agar diffusioin or cu1p method.

In the agar streak method the antibiotic suibstance is added, in different
conicentrations, to the agar medium placedl in ordinary sterile petri dishes.
Several, usually 2 to 5, test organisms are streaked on each plate. The plates
are incubated, at 28 C, or 37 C, for 24 to 48 houirs andl records made. The

11G. 1. SENSITIVITY OF DIFFERENT FUNGI TO AN ANTIBIOTIC SUBSTANCE, AS ILLUSTRATED
BY THE AGAR STREAK MI\ETHOD

aimiouint of the stubstances required to inhibit coimpletely the growth of each test
organismii is taken as the end point; the activity of the l)reparation is calculated
oIn a uinit per- imilliliter hasis for one gram of the material. The ratio of the
volhme of agar to the amotunt of the substance require(l to inhibit a given test
organiismii gives the nuiiiber of antifhinigal unIiits of a sul)stance. Figurle 1 shows
that fUIngi vary in theiI sensitivity to the samI1e substance, since they are inhib-
ited bv different concentlations of the substance.

In the CUp miiethod the -Agar med(liumil is inoculatted with a single test organism,
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and different dilutions of the substance aie placed in several cups, paitlNh inserted
into the agar. The zone of inlhilbition o0f gro0wth of the test tfuniguls is taiken as
a measure of the actinitv of the s,,ubstance as compared with tliat of a st.ndard
prel)aration. Figtuie 2 shows tiat thceie is a (direct p1)1o101tion betw een the coIi-
centration of the active inaterial aii(I the zone of thal diffutsionI. AttentioIi miav
be diiecte(d hiere to tbe tw\o ZOI)(s in eati I1ing. t l ouitei zonIe is thle one that

a~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~':z.t..

.

Filu. 2. CiM110)FORT'lST NG'ii FV(iNIsTrATrIC ACTION OF .\\NANTIBIOTI('SN-Bs'rXNc-ic,,
AxS SiioxVN BY THE E~ItFF'cT,,r OF STRE:PToTHRInCI N I.'PO

'T'RInl'1)i-HYT;)NMENTAGi'(.ILYTES
The (fiutll 1i( USusd arc 1, 1:5, land 1:25

is measured. '['lie inner zoiie is dute to the overgrowth by thle surfCace mvlce'liuim
of somiie lortion of the inhibited zonie. Certain funiiigi, suichi as thec ptath.ogen
Trw/ci opliyp/on i mcilap/op/Iytis, can be rea(li ly uttilizedi f'or assavinig the fungistatic
potency of v-ari-ous substances (Emimonis, 1944) in a mianner similar to the use
of Stap/iyglococcuis awciiie or IBacdlols sob/i/is for- testimg the antibacterial p)otency
of antibiotic substances. thle resuilts can also l)e expr-essedI in diluttioni units,
l)y standardizing the results of the cup metliodl against thie agar streaik miethodI
withi the same, orgauxismn.
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Test fungi. Four fungi pathogenic to animals and to man and four saprophytes
were used in this study. The first group included Candida albicans, Trichophyton
men tagrophytes 589, Trichophlytoii mentagrophytes 640, and Cryptococclis nco-
formans; the second group comprisedl a strain of Peticillimn lulecum-purpuro-
gent'um, Dematiuni, Futsaiiiin, and A spergilltUs clavaths.

In carrying oult the tests, two dlifferent media wvere used, namely, fungous
(glucose peptone salts) agar and ordinaiy nutiient (meat-extract peptone salt)
agar.

Fic. 3. ]METHOD) OF TESTINGITHE PRODI-CTION OF AN ANTIFUNGA.1 SUBSTANCE BY A FRESHLY
ISOLATED CUITURE

In the isolation from natutal substrates of organisms that have the capacity
of producing ftungistatic suibstances, the agar streak method, similar to the one
used in the testing of organisms producing substances active against, bacteria
(W!aksman an(1 Horning, 1943) w-as u,sed. The method is illustrated in figu.re 3.

Aitibiotic substanices. Several antibiotic substances were used in this study.
These suibstances varied greatly in chemical nature, in biological activity, and
in the degree of their purification. Some, like actinomycin, fumigacinl, gliotoxin,
and clavacin, were crystalline plreparations; others, like chaetomin, strepto-
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thriciin, aiid streptomn in, weIre highly purified but:n1ot, as yet crystallized. Tlhe
antibacterial activity of each1 substance canI serve as a relative mieasure of its
respective antil)iotic p)otency.

Fwilnistatic actioni of atntibiotic Sm)stanccs. In the following sttludies, know-n
antibiotic substances have been use(l. The results ol)tained a1re piresenIte(1 in
tables 1 andI 2. The v-ariioIIs substances. used In these studies can l)e arranged,
on the basis of thieir relative fungistatic activity, in the followN-ing order, beginning
with the imiost potent: ghlotoxini, lactinomvycI, clavaciii, tumiigacin, strelptothricin,
chiaetomIiIn, and(I streptomyciIn.

Gliotoxin is fair1l toxic to animals, buit b)ecause of its extremely hiighl
fungistatic properties it deserves more (detaiuledi (onsidleration. The antifungal

TABLE1

IFiI qi4/atC ((c l *,(ci (I0t1ibm!ia.tii .t,tic --sfIpi,op/( !!t iC f 1
Activitvi, Ullits per gram*

\NTIrBA('TERIA%L ACTIX'V'IY PENCI(ILLIUM ASPERGILLLUS
ANTIBI3)ITIC SUBSTANCE P_-RL't'REt- S)P\TUM CS PR LAVTt'As

E. coli 13. sUtbtilis GURPNI 'M 14i

Fungistatic activity, tusing ifiungus aga.lr

A\ct iIuOtuvin'il...... >20 000,00(0 <50)(, 000 <50)) 000 <500 ,00 <50) .000
Chlaetoniin 750,000,000 <4, 00 <4, 000 <4, 00() <4, 000
Clavacilln 1(K.00 200.000 25.000 15,00( 25,000 3 000
Fumigacin77.2(0) 600,000 S,. 9(0) 92,0(0 22.000 3, ()
Gliotoxini .. 15,000 2,000, ()( 600), 000 6,000.000 600,000 200,000
Streptonlycill. 125,000 6255,000 <45 < 45 <45 <45
St rel)t ot hricin. 1(H) 000c500,00 3.000 6,000 9O000 < ))

Fungista.t ic activity, uising nlt rient acyar

StIcptonlycin 125,000 625,(1 <120 <120) <120 <120
StreptOthricin. 100,0(X)(00 500,00)) 7,1(0) 29.00) 4, 80(0 2,900

* 24 hours' inictbiation1It 28 C.

activities of tills sul)stance v-ary greatlv, quantitatively, with resl)ect to thle
pathogenic as Well as the saprp()hti( fiingi.

Actinomn.cin anId clavacin are highly toxic t() animals, anld( thle seconld is not
characterized by a very high activity as compared with gliotoxin. Both1 of these
substances cain, therefo(i, be eliminated fr()m further consideration as fu1ngistatic
agents offering plomise for chemot herapeutic purposes.
The ftumii.a(1 tise(1 in these experiments \w cru'Ia(1de preparation, lhavinIg a

slight admixture o()l gli()toxin, \which may accuInt foi its l'iImite(d antifungal prop-
ertI.es. Th1er eforIe fumigacin (an hardly be coisi(lere(l as offeiiig m1itch promise
fiot pwtticall tit ilizationi.

Chai mumiln and strel)toIyciill Were c(mpletely inactive against fuinIgi adl c(an,
therefore, Also b e e'liminailte(d fiom011 firtlihie consi(lsier,tiOnl.

Streptothr;ciun was fuInd to p)ossess dlefinite fungistatic properties, and, since
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this is not a very toxic compound, it should be considered further. It is of partic-
ular interest to note that the two basic preparations used in this study, strepto-
thricin and streptomycin, both of which possess similar chemical and antibac-
terial properties, differ greatly in their antifungal activities: the second
is completely inactive, whereas the first has some definite activity against
fungi. These observations thus tend to confirm those obtained by Robinson,
Smith, and Graessle (1944).
The results of a survey of seven different antibiotic substances brought out

the fact that only two of these, gliotoxin and streptothricin, merit consideration
for possible practical application. They were therefore selected for further
study.

TABLE 2

Fungistatic action of antibiotic substances-pathogenic fungi
Activity, units per gram*

TRICHOPHYTON TRICHOPHYTON CRYPTOCOCCUS
ANTIBIOTIC SUBSTANCEt CANDIDA ALBICANS MENTAGROPHYTES MENTAGROPHYTES NEOFORMANS

598 640

Fungistatic activity, using fungus agar

Actinomycin ............. <500,000 5,000,000 1,500,000 1,500,000
Chaetomin......<.4...., <4,000 <4,000 <4,000
Clavacin.............. 3,300 33,000 25,000 10,000
Fumigacin.8,900 14,800 8,900 30, 000
Gliotoxin ................ 4,000,000 6,000,000 2,000,000 >20,000,000
Streptomycin ............ <45 <45 <45 <45
Streptothricin. <60 4,500 4,500 12,000

Fungistatic activity, using nutrient agar

Streptomycin..........|. <120 <120 <120 <120
Streptothricin.1,900 2,900 2,900 19,000

* 2 to 3 days' incubation at 28 C.
t The antibacterial activity of these preparations is given in table 1.

Fungicidal action of antibiotic substances. The fungicidal action of antibiotic
substances was determined as follows: 5-ml portions of nutrient broth were
placed in 50-ml Erlenmeyer flasks and inoculated with 2 drops of a sterile water
suspension of the spores of the test fungus. The cultures were incubated,
with frequent shaking, at 37 C for 1 to 3 days. The antibiotic agent was added
in different concentrations. The cultures were further incubated and streaked
on nutrient agar plates after 1, 3, and 7 days. The plates were then incubated
at 37 C for 48 hours, and readings taken.

In the first experiment, 3 antibiotic agents were used: fumigacin, 33.8 mg per
ml; gliotoxin, 5 mg per ml; and streptothricin (100 units per mg), 100 mg per
ml. The results obtained are presented in table 3.

Gliotoxin proved to be the most active fungicidal agent; when too low con-
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centrations were used, there appeared to be a definite adaptation of the organism
to the antibiotic substance, and an early destructive effect was later overcome.
In the case of streptothricin, however, the fungicidal action appeared to be greater
on continued contact of the agent with the fungus.
The results of an experiment on the antifungal action of clavacin and synthetic

ketones are presented in table 4. Acrylophenone was the most active agent.
The antifungal properties of this phenone were compared with those of the two
antibiotic substances, gliotoxin and streptothricin. The test fungi were grown
in nutrient broth for 1 and 2 days, and the active substances added (table 5).
Acrylophenone proved to be most actively fungicidal, followed by gliotoxin.
Streptothricin was the least active of the three.

TABLE 3
Fungicidal action of antibiotic substances

MG PER C. albicans 3147 T. menfagrophytes 598
ANTIBIOTIC AGENT 5 L

CULTURE 1 day 3 days 7 days 1 day 3 days 7 days

Fumigacin........... 3.4 0+ 0 0 0 0 0
Fumigacin ...........0 .7 trace +++ +++ trace 0 0

Gliotoxin... 2.5 0 0 0 0 0 0
Gliotoxin...... 0.5 0 + + + 0 0 0
Gliotoxin............ O.1 + +++ +++ 0 0 trace

Streptothricin... 50.0 +++ ++ trace ++ + +
Streptothricin ....... 10.0 +++ +++ + +++ I+++ ++

Alcohol 95%c* ........ 0.5 ml +++ + +++ +++ 0 +
Alcohol 95%*.m0.1 ml +++ +++ +++ +++ +++ +++

Control ............. +++ +++ +++ +++ +++ +++

+0 = no growth; + = limited growth; ++ = medium growth; +++ = maximum
growth.

* The fungicidal activity of 95% alcohol was investigated because the fumigacin and
gliotoxin were in 95% alcoholic solution.

The antifungal properties of antagonistic organisms and of antibiotic sub-
stances involve three distinct types of effect: (1) a lytic action, whereby the
hyphae and the spores of the fungus are dissolved, the organism losing completely
its ability to reproduce; (2) a fungicidal action, which is not necessarily accom-
panied by lysis; (3) a fungistatic effect, the fungus not being killed, but being
prevented from growing. The latter effect may be accompanied by an abnormal
development of the hyphae, which do not, however, lose the power of growth
and reproduction when placed under favorable conditions of culture. A strong
fungistatic effect, combined with limited injury to the tissues of the host, ap-
pears to be most significant in any consideration of the chemotherapeutic poten-
tialities of a substance.
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TABLE 4
Fungistatic action of unsaturated ketones on pathogenic fungi

DILUTION UNITS PER GRAM OF SUBSTANCE

SUIBSTANCE Trichophyton TrichophylonCryptococcus mentagrophytes mentagrophlytes Candida albicans
neoformans 640 598

Acrylophenone ........... 30,000 >3, 000, 000 >3, 000, 000 30,000
Benzalacetone ............ 16,000 160,000 160,000 20,000
Benzalacetophenone 60,000 >200,000 >200,000 20,000
Furfuralacetophenone .... 6,000 16,000 20,000 2,000
Clavacin ..... ......... 30,000 30,000 50,000 <10,000

TABLE 5
Fungicidal action of antibiotic substances and of a synthetic phenone

1-DAY-OLD CULTURES 2-DAY-OLD CULTURES
MG PER 5 ML VIABILITY AFTER TREATMENT FOR VIABILITY AFTER TREATMENT FOR

ANTIBIOTIC SUBSTANCE BROTHE

2 days 5 days 2 days 5 days

Candida albicans 3147

Gliotoxin ................ 0.5 tr +++ tr tr
Gliotoxin................ 0.1 +++ +++ +++ +++

Acrylophenone .......... 1.0 0 0 0 0
Acrylophenone .......... 0.2 +++ +++ +++ +++
Acrylophenone .......... 0.04 +++ +++ +++ +++

Control ................. 0 +++ +++ +++ +++

Trichophyton mentagrophytes 598

Gliotoxin ................ 0.5 0 0 0 0
Gliotoxin....... 0.1 tr tr tr tr

Acrylophenone .......... 1.0 0 0 0 0
Acrylophenone .......... 0.2 0 0 0 0
Acrylophenone .......... 0.04 + tr +++ +++

Streptothricin ........... 50.0 tr + + +
Streptothricin ........... 10.0 tr + +++ +++

Control ................. 0 +++ +++ +++ +++

SUMMARY

From the results of a study of the antifungal action of antibiotic substances
produced by microorganisms and of certain synthetic compounds, the following
conclusions may be drawn:

(1) Antibiotic substances vary greatly in their antifungal effect. Some, like
gliotoxin and actinomycin, are very active, and others, like chaetomin and
streptomycin, have very little activity.
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(2) The selection of an antibiotic substance for chemotherapeutic purposes
depends not only upon the relative activity of the substance but also upon its
toxicity to animals. Hence, a substance like actinomycin, which is highly
active but is also highly toxic, is eliminated from practical consideration, whereas
a substance like streptothricin, which is not so active but also is not very toxic,
deserves consideration.

(3) Of seven antibiotic substances tested for their antifungal properties, only
two were found worthy of consideration for practical utilization, gliotoxin and
streptothricin.

(4) The antifungal action of an antibiotic substance comprises both fungistatic
and fungicidal effects.

(5) Certain unsaturated ketones, to which some of the antibiotic substances
belong, were found to possess very strong antifungal properties.
The authors are indebted to Dr. Emmons, of the U. S. Public Health Service,

for supplying the cultures of the pathogenic fungi. They are also indebted to
Dr. W. Geiger, of this laboratory, for preparing the synthetic ketones and for
carrying out some of the tests with these substances.
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